Abstract: Within the validity of the first-order Born approximation, the near-field evanescent wave is analytically obtained from the scattering of a monochromatic plane wave from a spatially deterministic hollow particle with a semisoft boundary. The scattered spectral density shows the fluctuating profile in any cross-sectional plane. The increase of either the outer or the inner radius of the scattering potential accelerates the decay of the spectral density value. Given a smaller integer number in the summation index of the scattering potential, the scattered wave experiences less spreading in the near field. The obtained results have potential applications to generate the unique scattered patterns in the near field and the guidance of tiny particles along the desired trajectories.
Introduction
Evanescent waves, which contribute the most portion of radiation to a near field, have attracted substantial research interests over the past few decades [1] . Typical studies on this issue include the near-field imaging, which had shown the importance in the scattering measurements [2] - [5] . It was revealed that the evanescent field can be utilized to determine the structural parameters of random medium, e.g. the effective radius or the sharpness factor [6] . Within the frame of the weak-scattering theory, the 3-D correlation function of a scatterer can be obtained from the Fourier transform of the far-zone scattered spectral density. For instance, the scattered image of a 3-D unknown object was retrieved in [7] . Also, the weak-scattering theory was applied in the near-field optical microscopy [8] , [9] .
Meanwhile, scientists also attempted to explore the statistical properties of a near-field evanescent wave that scatters from a spatially random or deterministic medium. Within the validity of the first-order Born approximation, the spectral shift of the evanescent wave scattered from a spatially anisotropic medium was shown by using the angular spectrum representation [10] - [12] . For the laser probing in a near-zone scattered field, how to determine the correlation function of the scattering potential of a specific medium becomes the crucial problem. To the best of our knowledge, investigations done on this problem were only confined to the cases of the Gaussian and the semi-soft spheres [14] , [15] , which are two typical models but incapable to represent a wide-class of random scatterers in practical situations. Realistic hollow scatterers, for example, the spherical bubbles are of semi-soft, hollow boundaries. The scattering potential of such medium type is given by the subtraction of two multi-Gaussian functions whose spatial distributions are denoted by the outer and the inner radii, respectively, and the edge softness is represented by the summation index [15] . Furthermore, the optical microscopy of tiny objects also requires knowing the statistical properties of the scattered evanescent field [16] , [17] , for example, the intensity, the degree of polarization, and the degree of coherence [18] - [22] .
In this paper, we focus on the spectral density distribution of the evanescent wave generated by the scattering of a monochromatic plane wave from a semi-soft hollow particle. To the best of our knowledge, this work has not been taken full consideration so far. We begin the study by deriving the expression for the scattered field and then reveal the dependences of the scattered spectral density on the inner radius, the outer radius, and the summation index of the scattering potential, respectively.
Near-Field Scattering of a Hollow Particle With Semi-Soft Boundary
To start, we first consider a scalar, unit-amplitude monochromatic plane wave whose electric field has the form
wherer is the position vector,s 0 is the unit vector that represents the propagation direction of the plane wave, and k 0 ¼ ! 0 =c is the wave number, with c being the speed of light in vacuum and ! 0 being the angular frequency. We also assume that the interaction between the plane wave and the medium is extremely weak. As a consequence, the scattered field can be obtained by using the first-order Born approximation 
wherer 0 ¼ ð 0 ; z 0 Þ andr ¼ ð; zÞ represent the position vectors of the incident and the scattered fields, respectively. The subscript "D" means that the integration is taken over the entire scatterer volume. F ðr 0 ; ! 0 Þ denotes the scattering potential of the medium. Gðr;r 0 ; ! 0 Þ is the outgoing Green Function (GF) which can be expressed by the Weyl expansion for the outgoing spherical wave [23] Gðr;r 0 ; ! 0 Þ ¼ expðik 0 jr Àr 0 jÞ
where s ? ¼ ðs x ; s y ; 0Þ;
withs ? representing the projective vector ofs. For s 1, (3) is applicable to the homogenous wave, while s 2 ? ! 1 describes the evanescent wave whose amplitude decays exponentially with increasing the propagation distance from the scatterer. Upon substituting (1), (3), and (4) into (2), the scattered field can be expressed by the following angular spectrum representation [6] :
where a ðsÞ ðs ? ; ! 0 Þ is the spectral amplitude of the scattered wave that has the integral form
For the scattered evanescent wave, the second option fors z in (4) must be satisfied. As a result, the spectral amplitude of the scattered evanescent field results in
whereF ðK; ! 0 Þ is the 3-D Fourier transform of the scattering potential that is related to the spatially dependent refractive index of the medium
otherwise:
In this paper, we suppose the particle is a hollow sphere that has a semi-soft boundary. For such medium, the scattering potential can be represented as the subtraction of two multi-Gaussian functions. We also assume that the particle center is located at (0, 0, d). Accordingly, the scattering potential has the analytical form [15] 
where ? À 1Þ 1=2 must be satisfied. Upon substituting from (9) into (10), the Fourier transform of the scattering potential can be obtained: 
andF p can be obtained by replacing 0 by p in (12) . As the alternative form, (11) can be rewritten as Next, we can substitute (13) 
Similarly, U es p ð; zÞ can be obtained by replacing 0 by p in (17b). As a result, the total evanescent field is given by the integral expression U es ð; zÞ 
Based on (18), the spectral density of the near-zone evanescent field can be obtained by performing the modulus of (18), i.e., I e ð; zÞ ¼ U es ð; zÞ j j 2 :
Numerical Results and Discussions
With the help of (16) and (17), the spectral density of the evanescent wave is plotted in Fig. 2 for different outer radii and summation indices. As the numerical parameter, the inner radius is chosen as 0 ¼ 0:2. For each figure, the y-axis label is marked in the logarithm scale. The radial distance ¼ 0 is chosen for (a) and (b), and ¼ 0:8 is for (c) and (d). For comparisons, the scattered spectral densities for the summation index M ¼ 1, 3, 5, and 7 are plotted together. We increase the summation index by showing that the boundary of the particle converts from the completely softness to hardness. Fig. 2 shows that the spectral density of the evanescent field decreases exponentially with the increment of the propagation distance in the sub-wavelength region. The spectral density approaches zero when the propagation distance reaches a wavelength. This result was previously presented in [10] - [13] . In addition, we also notice that the scattered spectral density has the larger amplitude with increasing the summation index of the scattering potential. It means that the softness of the hollow particle induces a considerable influence on the spectral density distribution of the near-zone scattered evanescent wave. Furthermore, 0 and p are the crucial parameters and capable to affect the spectral density distribution in the longitudinal crosssection, as shown in Fig. 2(b) . Fig. 3 is plotted to show the dependences of the spectral density of the scattered evanescent wave on the propagation distance z (from 0:1 to ) and the transversal distance (from À2 to 2). It is found that the scattered spectral densities show distinguishable profiles for different summation indices and effective radii of the particle. We also observe that the peak intensity is located between À0:25 and 0:25 at any cross-section of the near field. By contrast, the scattered pattern surrounding the central peak is between ¼ 0:5 $ 1 and has smaller intensity value than that of the central maximum. It is also shown that the effects of both the inner and outer radii on the spectral density are extremely weak for the completely soft particle ðM ¼ 1Þ. However, the effect induced by the summation index becomes non-negligible when the semisoft particle is considered. For example, the peak value of the spectral density in Fig. 3(c) is larger than that in Fig. 3(d) . This indicates that the spectral density of the scattered evanescent wave decays rapidly when the scattering potential of the particle has a smaller inner or outer radius. In addition, the dependences of the spectral density distribution of the scattered wave on different propagation distances are shown in Figs. 4 and 5. For comparisons, we particularly consider two typical examples, i.e. the completely soft particle ðM ¼ 1Þ and the semi-soft particle ðM ¼ 5Þ.
Figs. 4 and 5 reveal the dependences of the spectral density of the evanescent wave on the inner and outer radii of the particle at the transversal plane z ¼ 0:25 and z ¼ 0:5, respectively. Interestingly, the transversal spectral density of the scattered wave has a multi-ring profile, and all the concentric rings surround the circular intensity maximum. The central pattern has a spatial width that is between À0:3 $ 0:3. By increasing the transversal distance for the off-axis observation points, the spectral density surrounding the central pattern decays in a fluctuating property. It is found that both the summation index and the effective radii of the scattering potential ( 0 and p ) have no influence on the spatial distributions of the concentric rings. However, if we consider the propagation distance z ¼ 0:25, the semi-soft particle ðM ¼ 5Þ gives arise to the scattered field whose spatial size is smaller than that generated by the completely soft particle ðM ¼ 1Þ. Such result can be confirmed by comparing Fig. 4(a) -(c) with Fig. 5 . In a certain spatial region, if we choose different effective radii of a hollow particle, the scattered intensity exhibits different numbers of multi-rings. This means that the transversal intensity distribution of the evanescent wave may be used to determine some structural parameters, e.g. the summation index, the outer and inner radii of a hollow scatterer. Our findings may be potentially applicable to the near-field optical microscopy, which mostly utilizes the near-zone spectral density to determine the structural parameters of tiny particles. Specifically, the spectral density profiles shown in Fig. 3 are useful for determining bubbles inside a particle. Compared with the solid sphere, the hollow particle with embedded bubbles results in a faster decaying ratio of the scattered spectral density along the z axis. This result can be applied to the optical measurement that determines the internal structures of unknown spheres, if evanescent intensities in the near-zone scattered field are obtained. The presented results can be achieved in actual applications, as the hollow particle can be mechanically devised in the lab, and it distinguishes from the solid particle by analyzing the scattered intensity pattern of the near-zone evanescent wave.
Conclusion
In summary, expressions for the near-zone scattered evanescent field are derived within the validity of the first-order Born approximation. The evanescent wave is generated by the scattering of a monochromatic plane wave from a hollow particle that has a semi-soft boundary. Through numerical integrations, we reveal the dependences of the spectral density of the scattered wave on the near-zone propagation distance, the summation index, and the effective radii (the inner and the outer radii) of the scattering potential of the particle. The obtained results are potentially useful to the near-field optical imaging where the structural parameters of tiny particles can be obtained from the multi-ring numbers of the scattered intensity. Furthermore, the radii of the concentric rings of the scattered intensity can be used to determine the boundaries of tiny 
